Abstract. We measured the pollination effectiveness and visitation rates of major insect visitors of Claytonia virginica, an obligately insect-pollinated spring wildflower, in a North Carolina deciduous forest. Seed set in the population was not pollinator-limited except during rainy weather and very early in the flowering season. The solitary bee Andrena erigeniae and the bee fly Bombylius major were responsible for more than 75% of the visits to C. virginica. Andrena erigeniae is a specialist on C. virginica, while B. major is a common visitor to many plant species. We measured the effectiveness of a pollinator by the probability that a visit resulted in fruit (capsule) formation. For those flowers that were successfully pollinated and thus produced a capsule, number of seeds did not vary with visitor identity or the total number of visits received. Although B. major and female A. erigeniae differ greatly in morphology and foraging behavior, a visit by either insect results in equally high seed set. As B. major is about two-thirds as abundant as A. erigeniae females on C. virginica, both insects contribute substantially to seed set in our population. With the visitation frequency and pollination effectiveness we measured, the generalist B. major alone has the potential to pollinate three-quarters of the flowers.
INTRODUCTION
Insufficient transfer of pollen to receptive stigmas is one factor that has been proposed as a cause of low seed set in natural plant populations (e.g., Kevan 1972 , Reader 1975 , Waser 1978 , Zimmerman 1980 . In a population of animal-pollinated plants, fertilization of all the ovules physiologically capable of developing into seeds can result from the pollinating activity of one abundant floral visitor species or from the combined services of several visitor species. The contribution to a plant's reproductive success that each type of visitor makes is determined by both its visitation rate and by its pollination effectiveness: the seed set resulting from a single visit (Beattie 1972) . Pollination effectiveness could be affected by the degree of floral preference of the visitor. A specialist visitor, one that visits only one host species and is morphologically or behaviorally specialized to gather nectar or pollen from that species, may be a more effective pollinator than a generalist visitor, one that feeds at flowers of many plant species. For example, while visiting several different species, a generalist may lose some of the pollen grains picked up from one species during subsequent visits to another species. Deposits of heterospecific pollen may also interfere with the germination of nonspecific pollen grains in 1 Manuscript received 17 July 1980; revised 27 February 1981; accepted 28 February 1981. some species (Waser 1978, Brown and Kodric-Brown 1979) . Even if floral distribution constrains a generalist to visit the flowers of a single species, the generalist may transfer fewer pollen grains per visit than a specialist which is better suited behaviorally or morphologically to that flower. Many zoophilous flowers attract a variety of floral visitors that differ in degree of host preference (Grant and Grant 1965, Baker and Hurd 1968) . In this study we compared the pollination effectiveness of generalist and specialist visitors to Claytonia virginica L. (Portulacaceae), a common wildflower of the eastern North American deciduous forests. Claytonia virginica (spring beauty) blooms in early spring when seed set may be limited by pollinator availability and when flower species may compete for pollination (Schemske et al. 1978 ). We used effectiveness measurements and observations of pollinator visitation rates and foraging behavior to determine whether seed set in a C. virginica population was pollinator-limited, and to compare the contribution of a specialist and generalist visitor to the plant's reproductive success.
Traditionally, pollination biologists have used indirect methods to estimate the effectiveness of flower visitors as pollinators of a particular plant. As reviewed by Cruden (in Baker and Hurd 1968), the techniques include analysis of the identity, placement, and quantity of pollen grains on a visitor's body and careful observation or cinematography (Macior 1967 ) of visitor foraging behavior. Several workers (e.g., Bohart and Nye 1960, Ehrenfeld 1979 , Linsey 1979 have combined data of these kinds with estimates of visitor abundance or activity to create index values to rank visitors according to pollination effectiveness. Other workers have supplemented behavioral observation of flower visitors with examination of the pollen loads they deposit on a receptive stigma (e.g., Beattie 1971, Berube 1972, Ornduff 1975 ). Silander (1975, 1978) have extended this technique by comparing the number of pollen grains that two insect pollinators of Oenothera deposit on a stigma during a single visit, and then correlating stigma loads with seed set in greenhouse experiments.
We quantified pollinator effectiveness with a more direct approach by measuring seed set in the field as a function of the number of pollinator visits. This technique has been applied in agriculture to judge the frequency of honeybee visits necessary to achieve full crop pollination (e.g., Adlerz 1966). To our knowledge, it has not been used to compare pollinator effectiveness within the more diverse pollinator fauna of a natural community. Using seed set as a unit of measure has the advantage of describing the effectiveness of a flower visitor operationally, in terms of the plant's reproductive success. Thus, pollinators with different morphologies or foraging behaviors can be compared directly. By measuring seed set rather than counting pollen grains on stigmas we avoided biases resulting from qualitative differences in the viability or compatibility of the pollen carried by different visitors.
METHODS

Study sites
We conducted this study on two populations of C. virginica growing in mesic, lowland deciduous forest in the Piedmont region of North Carolina. Bornkamm (1975) . Populations of C. virginica were extensive at both sites, covering more than 500 M2, with at least 100 flowers/M2 in the densest areas during the period of peak bloom. Using its long proboscis it takes nectar and occasionally pollen grains while hovering over the flowers. Visitation rate estimates were obtained in part from data collected during the effectiveness experiments. More detailed measurements were made in 1978 on four 2 x 2 m2 plots. We watched each plot for 20 min in both the morning and the afternoon on three warm, sunny days during the peak C. virginica blooming period. Plots with flower densities above and below the population average were included, with a mean fourfold difference between high-and low-density plots. In addition, we measured visitation rates throughout the 1978 and 1979 seasons on plots of various sizes scattered in the study sites. Lengths of observation periods ranged from 20 min to 1.5 h, depending on insect activity and the density of plants in bloom. The total observation time was 41 h. We standardized visitation records in units of visits per flower per hour to account for differences in number of flowers watched and in duration of observations. We estimated seed set as a function of flowering time in the Natural Area population as a whole by monitoring the performance of flowers on 50 racemes in two control plots with unlimited insect access. To obtain adequate sample sizes for flowers opening late in the season we expanded these plots to include very late-flowering racemes no more than 2 m away. To obtain more data on early-blooming flowers we constructed a third plot composed of 15 transplanted plants whose blooming had been forced in a greenhouse. Racemes were checked at least every other day for opening and senescence of flowers and for capsule development. Seeds that were misshapen or not fully developed were counted as aborted ovules. The period of peak bloom of the population was estimated subjectively using the method of Anderson and Hubricht (1940) insect. For A. erigeniae females and B. major this value is higher than that calculated from the graphs as it includes flowers that produced capsules whose actual seed set could not be determined.
RESULTS
Measurement of pollination effectiveness
The most direct means of evaluating visitor effectiveness is to examine seed set resulting from a single visit. Frequency distributions of seed set for all insects for which single-visit data were obtained are shown in Fig. 1 . All four visitors for which we obtained effectiveness data, male and female A. erigeniae, B. major, and the tachinid fly Gonia, can successfully pollinate C. virginica. A successful visit is defined as one in which a capsule is produced. Note that the most common specialist visitor, female A. erigeniae, and the most common generalist, B. major, have similar probabilities of visit success, 0.69 and 0.64, respectively. Sample sizes for A. erigeniae males and Gonia are smaller than for the other pollinators not only because these insects were less abundant overall, but also because they were most common earlier in the blooming season when floral densities were low. Later in the season, flowers visited by A. erigeniae males and Gonia were usually visited first by the more abundant A. erigeniae females and B. major. The paucity of single-visit data for Gonia and A. erigeniae males precludes statistical comparison of the pollination effectiveness of these insects with that of A. erigeniae females and B. major. Nevertheless, the results indicate that even the less common visitors can still make measurable contributions to seed set in C. virginica. Most flowers of C. virginica receive many visits, usually from more than one type of insect. In order to compare the pollination effectiveness of A. erigeniae females and B. major statistically, we used data from flowers visited repeatedly by one or both of these insects as well as from flowers visited just once by either of them. These results were incorporated in a model in which we equated effectiveness with the probability that a visit was successful, i.e., resulted in capsule formation. As indicated by a two-way analysis of variance on seed set per capsule in successfully visited flowers, probability of capsule formation is a sufficient measure of pollination effectiveness in C. virginica (Table 2 ). There was no significant increase in seed set per capsule with additional visits, even though all flowers visited more than once, including ones visited p, = probability that a visit by an A. erigeniae female from a staminate flower results in capsule formation; P2 = probability that a visit by an A. erigeniae female from a pistillate flower results in capsule formation; p3 = probability that a visit by B. major from a staminate flower results in capsule formation; p4 = probability that a visit by B. major from a pistillate flower results in capsule formation.
The probability that a flower that received only one type of visit does not produce a capsule is equal to (1 -p)f, where p equals the probability that a single visit results in capsule formation, and n equals the number of visits. Each flower included in the analysis could have received up to four different kinds of visits, and we have no reason to think that the probability that a given type of visit will result in capsule formation depends on the types of visits already received. Hence the probability that the ith flower does not produce a capsule, P(Yi 0), is equal to (I -p,)nil
(1 -p2)ni2 (1 -p3)ni3 (1 -p4)ni4, where nij is equal to the number of visits of type J to the ith flower. The probability that the ith flower does produce a capsule is equal to 1 -P(Yi = 0).
We estimated the four parameters by the maximumlikelihood method (Table 3 ; see Mood et al. 1974 for a detailed description of likelihood estimation). Then, for each pair of parameters we tested the null hypothesis that the two parameters are equal. The generalized likelihood ratio, A (lambda), is the maximum value of the likelihood function under the constraints specified by the null hypothesis divided by the maximum value of the likelihood function when all parameters are free to vary. The quantity -2 In A is approximately distributed as a chi-square variate. As a conservative measure in performing these multiple comparison tests, we compared each value of -2 In A with x2 with three degrees of freedom, the number for the overall null hypothesis that all of the parameters are equal. There were no significant differences between the probability of a successful visit by an A. erigeniae female following a visit to a staminate flower, A. erigeniae female from a pistillate flower, and B. major from a staminate flower. However, the probability of a successful visit by B. major following a visit to a pistillate flower was significantly less than each of the other three parameters (P < .05; Table 3 ). The estimate of this parameter is only 38% as great as the combined estimate for the other three parameters, 0.69.
Visitation rates of Andrena erigeniae females and Bombylius major
A pollinator's contribution to seed set is determined not only by its pollination effectiveness for a single flower but also by its visitation rate in the population at large. Because the bees and flies exhibit temporal preferences in their flight times, we calculated each species' activity on C. virginica on a daily rather than hourly basis. The flowers are generally open for about 2 h in the morning and 2 h in the afternoon. From separate estimates of visitation rates during morning and afternoon (Table 4) , and assuming 2 h of visits for both periods, we estimated a daily total rate of 4.1 bee visits and 2.4 fly visits per flower. The measurements in Table 4 were made on ideal days for pollination, warm and sunny weather with the C. virginica population in full bloom. Fly visits may be slightly under- 
Total visitation rates in the population
The total visitation rate ranged between 1 and >2 visits -flower-h-I during most of the main blooming season (Fig. 2c) . This hourly rate corresponds to 4-8 visits/d. Early in the year when floral density was low (Fig. 2a) , before the 19 March appearance of A. erigeniae and B. major (Fig. 2b) , total insect visitation rates were lower than during the peak blooming season. Gonia flies and Nomada bees were the principal visitors at that time. However, most of our subsequent estimates of visitation rates fall within the standard errors of the visitation rates on 6, 8, and 9 April 1978 (Fig. 2c) 
Pollination success in the population
Measurements of visitation rate and pollination effectiveness can be combined to estimate the likelihood that a flower will be successfully pollinated, thus providing an indication of pollination success in the population as a whole. Although other visitors besides A. erigeniae females and B. major are also effective C. virginica pollinators (Fig. 1) and may contribute significantly to pollination early in the year, they are responsible for only a very small proportion of visits during the main blooming season. We calculated the probability that a flower will be successfully pollinated by A. erigeniae females and B. major alone using the pooled effectiveness value for these pollinators (p, = 0.69, Table 3 ) and our earlier determination of their combined mean visitation rate (5.1 visits receptive flower 1-d-1). Assuming that a flower remains pistillate for just 1 d and that its probability of being visited is independent of previously received visits (i.e., the number of visits received by a flower follows a Poisson distribution), the probability of successful pollination by bees and flies alone is 0.97. During the period 29 March to 2 April, when visitation rates exceeded 4 visits/d, 87 out of 88 control flowers produced capsules.
Seed set in the population
Throughout the season, mean seed set per capsule remained very close to 4.5 regardless of pollinator availability or activity (Fig. 2d) . In contrast, mean seed set per flower, a value that includes those flowers that produced no capsule at all, varied considerably. Low values are due to failures in capsule formation (seed set per flower = 0) rather than a reduction in the number of seeds per capsule. An increasing failure of ovules to develop into seed (Fig. 2e) probably accounts for the decline in seed set per flower later in the season.
Variable capacities of individual racemes to mature fertilized ovules could account for a mean seed set per capsule below the maximum six possible. The number of seeds per capsule was compared using an analysis of covariance to test for differences among 44 racemes from the control plots. The covariate used was last date of flowering. There was a highly significant (P < .001) difference among racemes, which could be due either to microenvironmental or genetic differences, independent of flowering dates. Thus, even with the high level of pollination in midseason, many flowers of some racemes failed to mature six ovules. This reinforces our earlier conclusion that a single successful A. erigeniae female or B. major visit can account for nearly all of a typical flower's seed output.
DiSCUSSION
Pollinator limitations on seed set in C. virginica
Measurements of the pollination effectiveness and visitation frequency of the two most abundant visitors, A. erigeniae and B. major, indicate that seed set in our C. virginica population is generally not pollinatorlimited during the main blooming season. Our data indicate that female A. erigeniae and B. major alone can pollinate 97% of the flowers. In fact only early in the season when few plants were in bloom (Fig. 2a) and during two pronounced periods of rainy weather, 24-26 March and 3-4 April, did we observe some flowers that remained unpollinated. Insect activity was low at these times (Fig. 2c) . That few flowers remained unpollinated for more than a day is also indicated by the mean duration of the pistillate stage in our population of 1.3 d. The values >1 d occur early in the season or during the two rainy spells (Fig. 2f ). In contrast, in the Illinois C. virginica populations studied by Schemske et al. (1978) The decline in seed set per flower and the increase in the percentage of aborted ovules late in the blooming season (Fig. 2d and 2e ) are not correlated with insect visitation frequency, which remained high enough to achieve full pollination (Fig. 2c) Besides possessing easily accessible flowers, C. virginica also exemplifies several other characters that enhance the likelihood of pollination. Flowers produce nectar in both the staminate and pistillate stages, a trait important in attracting generalist foragers like B. major. As ovule number per flower is low, insects that carry relatively few pollen grains may still be able to fertilize as many of a flower's ovules as insects that carry many more grains. Increased floral persistence in the absence of fertilization is especially important to reproductive success in a habitat where erratic weather may limit pollinator activity. The value of this trait to C. virginica is well illustrated by flowers that bloomed during a 2-d rainy spell in 1979. Of 30 flowers that first became pistillate on those days, 17 remained receptive until a third, sunny day and 14 of these set seed. Of the 13 flowers that were pistillate only during the two rainy days, just 4 set seed.
Role of specialist and generalist pollinators
A surprising outcome of our study was the nearly equivalent effectiveness of B. major and the monolectic A. erigeniae as pollinators of C. virginica. Based on its hovering mode of feeding and minimal contact with the flower's reproductive parts, we had expected B. major to be a much less effective pollinator than was subsequently indicated by our measurements. Although it visits many other plant species in the community, B. major nevertheless visits C. virginica at a frequency two-thirds as high as the specialist A. erigeniae females. Because the two insects are equally effective pollinators, B. major therefore contributes about two-thirds as much as A. erigeniae to C. virginica seed set. With our estimate of pollination effectiveness calculated without regard to visit sequence (P = .64, Fig. 1 ) and our previously determined estimate of the mean visitation rate (2.1 fly visits receptive flower-1 d-1) the probability that a flower would be successfully pollinated by B. major in the absence of any other visitors is 0.76. Thus B. major alone has the potential to pollinate three quarters of the C. virginica flowers. Clearly in our North Carolina population C. virginica is not solely dependent on the specialist A. erigeniae for its pollination success.
Although A. erigeniae females and B. major contribute similarly to seed set, they may differ in several aspects related to ability to transfer pollen to conspecific stigmas, including pollen carry-over and flight distance. The number of ovules fertilized by the pollen from a given flower may be affected by the pollen carry-over of the visitors. Pollen carry-over is the percentage of a pollen load picked up from a staminatestage flower that is deposited on each subsequently visited receptive flower (Levin and Kerster 1969). Table 3, which lists pollination success in terms of the kind of flower last visited before arrival on a receptive flower, provides a functional description of pollen carry-over. Andrena erigeniae females are significantly better pollinators than B. major in sequential visits to pistillate flowers (P2 > p4 in Table 3 ), a consequence of the far greater amount of pollen they carry and the lower proportion of pistillate to staminate flowers in their foraging trips. Most of the pollen that B. major carries is deposited during its first visit to a receptive flower. In our population B. major apparently visits enough staminate flowers that its pollination effectiveness is unimpaired, as indicated by the 0.64 success probability (Fig. 1) , which was calculated without regard to visit sequence. However, its low pollen carryover may still reduce gene flow and outcrossing. The distribution of distances over which pollen is dispersed is a function of both pollinator flight distances and pollen carry-over. In addition to lower pollen carry-over, B. major typically has shorter interfloral flight distances than solitary bees, including A. Size of the pollen load may have a greater impact on seed quality than seed quantity. Bombylius major carries few pollen grains, mostly on the head and legs, whereas A. erigeniae females visiting C. virginica are generally coated with pollen grains over their ventral surface. Flowers successfully fertilized with relatively few pollen grains after a B. major visit may produce seed that is inferior to that of flowers more extensively pollinated by A. erigeniae. In commercially grown carrots, plants with high pollination levels produce seed with a greater percent germination that do inadequately pollinated plants (Hawthorne et al. 1956 ). Larger stigma pollen deposits may also increase pollen tube competition, an interaction that Mulcahy and Mulcahy (1975) have related experimentally to increased offspring vigor.
Low pollen carry-over by a pollinator visiting more than one plant species can also reduce pollination effectiveness if pollen picked up from one species is lost during subsequent visits to the other species. Such interference competition among plants sharing a common pollinator may also involve stigma contamination with loads of foreign pollen (Waser 1978, Brown and Kodric-Brown 1979 ). Neither effect is likely with C. virginica, which usually grows in dense stands with scattered individuals of other species interspersed. Most pollinator visit sequences are intraspecific, even for an extreme generalist like B. major. Thus pollinator inconstancy has little effect on seed set in C. virginica populations. In contrast, less abundant, intermingled plant species could experience competition if they share pollinators with C. virginia. At present we are studying one of these species, Stellaria pubera Michaux (Caryophyllaceae), to determine how it is affected by sharing its primary pollinators, B. major and Nomada, with C. virginia.
